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STATEMENT OF PROBLEM

Waveguiding structures and antennas are being used presently in a

wide variety of military hardware. Applications include, but are not limited

to, guidance, communication, terrain sensing, fuzing, navigation, and position
locating. In recent years the frequency range of interest for military systems
has gradually progressed upward. For several applications today frequencies
beyond the usual microwave band and in the "millimeter and near millimeter"
region (100-300 GHz) are required. 1
Many of the waveguides anu antennas that are in current use at microwave
frequencies can not be simply scaled up in frequency. Conductor losses

become too great for some and for others the resulting smallness in size

prohibits economical fabrication. For these reasons new techinques must be

developed to transport and radiate energy efficiently at these frequencies.
Typical transmission lines, such as microstrip, and guiding structures,

such as rectangular conducting waveguides, can be utilized at frequencies

up to 100 GHz. Beyond this point, however, conductor losses become quite

high and fabrication to the required tolerances becomes exceedingly difficult.

For frequencies in the 100-300 GHz range the use of dielectric waveguides

seems to hold promise. A novel stricture which seemingly has the possibility

of radiating efficiently and allows integration with the dielectric guides

is the resonant dielectric antenna. Dielectric cylinders of very high

permittivity (relative dielectric contants of the order of 100-300) have

been used as resonant cavities with theoretical studies previously reported.
In each case the emphasis of the investigations has been on the structure

as an energy storage device, but since the cavity is not enclosed by metallic




walls, electromagnetic fields do exist beyond the geometical boundary of

the cavity. Little of no work had been devoted to this structure as a
radiator, nor had a complete investigation of the external fields been
made. With the use of lower dielectric constant materials (5-20) and

proper choices of the dimensions of the cylinder these radiation fields

can be enhance and the structure be converted to an efficient radiator.




SUMMARY OF RESULTS

An antenna consisting of a piece of high-permittivity dielectric

material on top of a ground plane, fed by a monopole probe extending from

the ground plane into the dielectric has been investigated experimentally
and theoretically. It has been shown that such a configuration will
produce efficient radiation with a beam maximum normal toc the ground
plane if the excitation frequency was at or near the lowest resonant
frequency of the dielectric. The resonant frequencies can be approximated

§ by modelling the air-dielectric interfaces as perfect magnetic conductors.

Three basic shapes of dielectrics have been studied:

: cylindrical, rectangular and hemispherical. 1In each case is has been

é shown that the simplest non-azimuthally symmetric resonant mode, which

g was excited by a probe offset from the center of the dielectric, resulted

in radiation normal to the ground plane.

L gt DM G VP e £ 2 12 11101 1 0 e et s e

The impedance of antennas with various permittivities and base
dimension to height ratios have been measured. The impedance curves showed

good resonant frequency agreement with the magnetic-wall model for cyl-

indrical shapes, with modifications to the model necessary for rectangular

shapes. The effects on impedance of changes in probe length, probe

e A TN T I W S I e R,

diameter, and probe position have also been determined.

Far-field radiation patterns, calculated using equivalent magnetic

surface currents as sources, have been shown to correlate reasonable well
with measurements taken in an anechoic chamber. Calculated patterns for
certain higher-order modes exhibited high directive gains normal to the
ground plane if the permittivity and aspect ratios were chosen correctly.
Radiation Q's have been calculated using volume currents as sources.
Computation of magnetic dipole moments for the resonators were shown to
give equivalent results for radiated power. The Q's thus calculated

6




corresponded fairly well to experimental Q's if the lower-order resonance
modes are well-separated in frequency, which is the case for high width
to height ratios.

The results, both theoretical and experimental, for the cylindrical
resonator have been discussed in detail in Appendix A, while those for
the rectangular dielectric have been included in Appendix B. An addition
discussion on the external fields of the dielectric resonator and their
quality factors has been summarized in Appendix C.

In conclusion the resonant dielectric antenna has been proven to be
an effective radiator and should be capable of efficient operation

at millimeter wave frequencies.
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The Resonant Cylindrical Dielectric Cavity Antenna

STUART A. LONG, senior MEMBER, 1EEE, MARK W. McALLISTER, anp LIANG C. SHEN, SENIOR MEMBER. (EEE

Abstract—An experimental investigation of the radiation and circuit
properties of a resonant cylindrical dielectric cavity antenna has been
undertaken. The radiation patterns and input impedance have been
measured for structures of various geometrical aspect ratios, dielectric
constants, and sizes of coaxial feed probes. A simple theory utilizing the
magnetic wall boundary condition is shown to correlate well with meas-
ured resuits for radiation patierns and resonant frequencies.

[. INTRODUCTION

N RECENT YEARS the frequency range of interest for many

systems has gradually progressed upward. For applications
today. frequencies beyond the usual microwave band and in the
millimeter and near millimeter region (100-300 GHz) are often
required. Most of the antennas that are in cutrer. use in the
microwave band cannot be simply .caled up in frequency. Con-
duction losses in any metai portion of the radiating structure do
not remain constant after scaling, and. as a result, these losses
may become too great for systems requiring etficient operation.
For other applications. excessive reduction in size may prohibit
economical fabrication.

A novel structure which seemingly has the possibility of radiat-
ing efficiently in this frequency range is the resonant cylindrical
dielectric cavity antenna. Previously dielectric cylinders of very
high permittivity (relative dielectric constants of the order of
100-300) have been used as resonant cavities [1]-{6]. Theo-
retical studies of the dielectric cavity have been previously
reported by Van Bladel [7]. [8]. In each case the emphasis of
the investigation has been on the structure as an energy storage
device, but since the cavity is not enclosed by metallic walls.
electromagnetic fields do exist beyond the geometrical boundary
of the cavity. Little or no work has been devoted to this structure
as a radiator. nor has a complete investigation of the external
fields been made. With the use of lower dielectric constant mate-
rials (5 < €, < 20). and proper choices of the dimensions of the
cylinder. these radiation tields can be enhanced.

Experimental measurements have been made on several
dielectric cylinders with varying geometricr, aspect ratios. dielec-
tric constants, and feed probe lengths. This work indicates that
such an antenna can be designed to provide reasonably efficient
radiation in the direction normal to the ground plane of the
antenna. A simple theory utilizing the magnetic wall boundary
condition is shown to correlate well with measured results for
radiation patterns and resonant frequencies.

This type of radiator seemingly has several features which may
be exploited over previously developed millimeter leaky wave
antennas. Being a resonant structure. higher efficiencies may be
expected. provided that suitable materials with low dielectric

Manuscript received April 5. 1982; revised September 9. 1982, This
work was supported in part by the U.S. Army Research Office through
the Laboratory Research Cooperative Program and under Contract DAAG29-
82-K-0074.

The authors are with the Department of Electrical Engineering, Cullen
College of Engincering, University of Houston, Houston, TX 77004,

loss characteristics are utilized. Control of the radiated fields may
also prove to be simpler with the main lobe of radiation remain-
ing normal to the ground plane of the structure with variations in
geometry and frequency. In addition, circular polarization can
probably be obtained by slight changes in geometry in much the
same fashion as has been previously accomplished with printed-
circuit antennas [9].

Even though the emphasis of this paper is on the experimental
verification of the utility of this radiaung structure. the ap-
proximate theoretical analysis is presented first. The simple
magnetic wall model cannot be rigorously applied for the values
of dielectric constants considered. However. this method of
attacking the theoretical problem provides a first order solution
which is seen to provide reasonably accurate predictions for
the radiation patterns and resonant frequencies. A more com-
plicated model may be needed for other properties. such as the
near field and the overall impedance. which are more sensitive
to the exact field distributions.

II. THEORETICAL DERIVATIONS

A. Boundarv Value Problem and Resonant Firequencies

The geometry of the problem is shown in Fig. | using standard
cylindrical coordinates. The feed probe 1s temporarily 1gnored.
i.e.. the cylinder is considered uniform. Image theory can be
immediately applied and the ground plane can be replaced by an
imaged portion of the cylinder extending to - = —d; the 1solated
cvlinder is now analyzed with an implied boundary condition of
zero £ and E,at 2 = 0.

An approximate solution for the fields inside such a cyhinder
can be obtained by assuming that the surfaces are perfect magne-
tic conductors. This technique has been previously justified {1]
For such a cavity. wave functions transverse electric (TE) and
transverse magnetic (TM) to = may be postulated

. X sin no (2m+ hin
VTEnpm=Jn<—:ep> l -n[_ (1)

si
cos nol 2d
Xn sin no (2m + 1z
_ P 2 (£
VTMupm _-,n< 2 °) 1 cosno cos——— 2

where J, is the Bessel function of the first kind.
Jn(an) = Ov'rn(X'np) =0,
n=1,23--p=123. m=0.1.2-.

The separation equation k2 + k2 = k? = wlue leads 1o an ex
pression for the resonant frequency of the npm mode.

1 na E
= — +| —(2m+ 1) . 3
fnpm Zna\/E'\/ l:?.d }

The dominant mode 1s the one which has the lowest resonant tre-

o
Xap

2
np

0018-926X/83/0500-0406501.00 © 1983 IEEE
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Fig. 1. Antenna geometry and feed configuration.

quency. Thisoccursform=0.n=1,p=1: Xy, = 1.841.

1 " ma \?
——=./ Xt 2/ €3}

faom = 5
2ra\ue

B. Equivalent Magnetic Surface Currents for the Dominant Mode

The wave function of the dominant mode is
v =y =/ X—ll 1 Cos ¢ cos —: (&)
™ v 1 '
110 a 2d

The cos ¢ term. rather than sin ¢. survives due to the feed
position at ¢ = 0. In anticipation of calculating the far-field
patterns, tangential electric fields on the surface are determined
using

1ty 1/ @?
Eym—— — E;=—| 5 +k)v.
Jwep 009z jwe \ 3z
1 %y
Ey=— —- 6
2 jwe 3pdz ®
Applying M = E X i, where #t is a unit normal pointing out of’
the dielectric. the following equivalent currents are found (primed
coordinates are used to indicate the source).
Sides:

” ” J (Xl ) . o' . "z (7)
My = —m—— sin sin —
* 7 ead M 4

and

X \? '
.M,'=—l<—;-') J,(X',,)cow'coszz—d' (8)

jwe
Top-bottom:

X X190
e X J',( L >coso' 9)
jlwead a

A"’o' =

almad
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and

1 X0 ,
M, = - J, l—”o->sino.
flwedp a

C. Calculation of Far-Field Parterns

The above currents are considered the sources for the rar-field
radiation. Since the radiation fields will be expressed in spherical
coordinates (r. 8. ¢). the source currents are transfurmed:

(10)

Mg =M, cosf cos(o—¢)
+ My cosfsin(e—o)—M; sind (11
My =—M, sin(0—0) + M, cos(e—¢). (1)

Electnc vector potentals are then calculated:

e—[kor ) ) )
Fg = - ///Moel"ol” $INGC0s(0—0 )*z o8By 1n o' s

4
(13
~-jkor
FO = ¢ 0 ///“loe/kolp'smacos(o—o')'.' °°’8'p'dp'do'd:.
4nr
(14)

where kg = wn/ug€q (the free space wavenumber).
Summing the individual contributions to M, and M. and
integrating results in

F9 =C|‘:12_I| —05k‘,(13 +l4 —15 _Ig)
+ 1.16kq sin 6J,(koa sin §)D, —0.581k3a

« [otkoa sin ) + Ja(koa sin 8)] D, - (1%
FO =C2‘:‘1| —12 -Oskp(lg “14 "15 +[6)
— 0.581k3a[Jq(koa sin 8) — Jo(koa sin 6)]D, - (161
where
n? 1
| = —— sin ¢ cos (kod cos ) cos 6 (Rra]
Jwed dnr
P 1
Cy = —~ cos ¢ cos (kod cos 8) (18)
jwed 4nr
) -1
D, = M—,—ké cos? o} (19
b ¢! 1.841
= = —— (20)
a a
]
I = / 100 olkop sin 8) dp’ @n
(}
a
Iy= [ Jy(k,0 W (ko' sin ) dp’ )
0
a
Iy= / JolkopWolkoo' sin 8o dp’ 23)
()}
a
Iy = [ Jo(kop'Walkop' sin 8)p do’ (24)
‘o
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L'}
= / Ja(kop' Wolkop' sin8)p’ dp’ 2%
o

Ly

d
f J3(kyp V3 (kop' sin 8)0 dp'. (26)
o

For the permittivities and aspect ratios under consideration
(a/d € 2, ¢, & 5). the term kga will always be less than two; this
allows polynomial approximations for the above Bessel functions
to be used. and the integrals are easily evaluated numerically.

In the far-field region, the electric fields are proportional to
the vector potential F: EqaFy,. and EgaFy. The radiation pat-
terns are thus found as a function of the antenna parameters.

11l. THEORETICAL CALCULATIONS

The resonant frequencies as given by (3) are shown for four
selected a/d ratios in Table I. The next lowest order mode after
the dominant T™M, o can either be the TM;; (as in the case of
small a/d ratios) or the TEqg;q (for large a/d). The higher order
resonances are shown for each cylinder with ¢, = 8.9. Table Il
gives the resonant frequencies for several different dielectric
constants for the case of a/d = 0.5 and a = 0.0127 m (a diameter
of | in).

To illustrate the dependence of the far fields on the param-
eters of the antenna. several radiation patterns can be plotted. In
each case the fields are shown in two pringcipal planes. The
radiated field is polarized so that it is parallel to a plane formed
by a radial line from the center of base of the cylinder to the feed
point and a line perpendicular to the ground plane. Since the feed
is located at the p =0°, p=2.2 =0 position as shown previously
in Fig. 1, a graph showing Eg versus  for ¢ = 0. 180° is one
principal pattern of interest. The second is that for £, at ¢ = 90°,
270°. The major features of the radiation properties of the an-
tenna are shown in these two patterns.

The dependence of £y on the shape of the cylinder (the ratio
a/d) is shown in Fig. 2(a). The field is essentially omnidirectional
for cylinders with larger a/d ratios. For smaller g/d ratios a null
begins to develop along the direction normat to the plane of the
radiator. £y in the ¢ = 90° plane is also shown in Fig. 2(b). A
3 dB beamwidth of 85° or greater is characteristic of the values
obtained. As a/d is reduced. a dip also begins to appear in the § =
0° direction.

IV. EXPERIMENTAL MEASUREMENTS
A. Radiation Patterns

Various dielectric materials were acquired. and cylinders were
machined with different a/d ratios. One set of cylinders with
various a/d ratios (see data in Tabie 1) was made from material
with €, = 8.9 and mounted on a circular ground plane of diam-
eter 7.6 cm (3 in). The sizes were chosen so that the dominant
mode resonance would be near 10 GHz. Each radiator was
fed by the inner conductor of a coaxial line which extended
through the ground plane a distance of / = 0.38 c¢m into a hole
located near the edge of the cylinder (see Fig. 1). A second set
of cylinders all with a/d = 0.5 and 2 = 0.0127m (diameter is
1 in) was fabricated out of three different materials with ¢, =
15.2, 6.6, and 4.5. These radiators were mounted on a 61 ¢cm
(24 in) square ground plane, were fed in a similar fashion with a
longer probe of / = 1.45 c¢m, and had predicted resonances be-
tween 2.0-3.5 GHz. Far.field radiation patterns were measured
in the two principal planes with the overall field linearly polarized
in the x direction at 8 = 0°.
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Fig. 2. Theoretical radiation patterns for various a/d ratios.

TABLE1
RESONANT FREQUENCIES (IN GHZ) FOR VARIOUS a/d RATIOS
(e, = 8.9)
Mode ms= 0 1 2
™)1 m 10.13 12.38 15.95
TEqim 13.07 14.88 17.97
T™a1m 16.48 17.96 20.58

a/d=03,a=03cm;d=1.0cm,¢, =89.

Mode m= 0 1 2

™ 1m 10.67 15.95 23.14
TEg1m 13.49 17.97 24.57
™y m 16.82 20.58 26.54

Mode ms 0 1 2

™ im 10.24 25.82 42.32
TEgym 11.38 26.29 42.60
™3 m 12.48 26.98 43.03

a/d=1.67,a=0.5cm;d=03cm, e, =89

Mode m= 0 1 2

™ 1m 9.90 10.53 11.66
TEgym 12.89 13.38 14.29
™3 ym 16.35 16.72 17.46

a/d=0.15,a=03cm:d=20cm;e, =89.

"TABLE It
RESONANT FREQUENCIES (IN GHZ) FOR VARIOUS DIELECTRIC
CONSTANTS (@ = 0.0127 m.a/d = 0.5)

Mode € =152 89 6.6 45
™0 1.93 252 293 3.58
TEo10 244 319, 3.70 449
™ 2.89 M 4.38 5.30
T™M310 3.04 397 462 5.59
TEo11 3.25 424 493 597
™j1 3mn 4.86 $.68 6.84
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Fig. 3. Theoretical and expenmental fields. (a) a/d = 0.3. (b) asd = 0.5.
(¢Ya/d = 1.67. (d) asd = 0.15.

Fig. 3 illustrates the measured tield patterns for the four cy-
linders with different values of radius-to-height ratios a/d along
with the theoretically predicted fields of the past section. Reason-
able agreement is found for the first three radiators. In each case
the measured values of £, show a broad. almost omnidirectional
pattern with some scalloping and a roll-off near § = 90° (both a
result of the finite ground plane used for the experimental
measurements). As the a/d ratio is allowed to decrease to 0.15
for the last sample the experimental £, has only a dip of about
5 dB at @ = 0° as opposed to a 10 dB dip in the theory. The ex.
perimental £, shows no dip at all as compared to a theoretical
one of 8 dB. It should be noted that in each case that the theoret-
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Fig. 4. Theoretical and experimental fields. (a) ¢, = 15.2. (bl ¢, = 6.0.

(e, =45,

ical fields were normalized by setting the theoretical £, equal to
the experimental value at 8 = 0°. All other fields shown (both £,
and E,) are. therefore. relative to that value. When compared to
a standard gain horn. a representative pattern (a/d = 0.3) showed
an overall gain of approximately —1 dB below isotropic.

Fig. 4 shows the measured field patterns for the dentially
sized ‘inders with different values of Jdielectric « onstant. Again
the normalized theoretical fields are shown for comparison. Good
agreement 1s seen again for both planes except near § = 90°
due to the finite ground plane.

B. Impedance Measurements

To determine the effects of the shape of the cylinder on the
circuit charactenistics of the radiator. four cylinders were fabn-
cated with various radius-to-height ratios. Each antenna was made
from the same dielectric matenal with €, = 3.9 and ted near its
edge by the center conductor of a coaxial line which extended
{ = 0.38 ¢m into the cylinder. The sizes were chosen so that the
theoretical value of the lowest resonant frequency would be
between 9.9 and 10.7 GHz. The dimensions and first resonance
are shown in Table 1I1.

The input impedance of each cylinder was measured and its
magnitude and its real and imagmary parts are shown as a tfunc-
tion of Irequency in Fig. 5. Since several closely spaced modes
are excited. the usual pure resonance curves are distorted some-
what. In addition, an inductive shitt causes the maximum of the
real part of the impedance and the zero of the imaginary part
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TABLE 1l
ANTENNA DESIGN PARAMETERS

a d I'requency
Sample Number (cm} (cm) ard (GHz)
1 0.3 1.0 0.3 10.13
2 0.3 0.6 0.5 10.67
3 0.5 0.3 167 10.24
4 0.3 2.0 0.15 9.90

not to occur at exactly the same frequency. When comparing
with the theoretical resonant frequencies, the point where the
real part is a3 maximum was chosen as the experimental value.
For sample 1 with a/d = 0.3, the first resonance occurs just above
10 GHz very near the theoretical value of 10.13 GHz. The im-
pedance measured for sample 2 (a/d = 0.5) shows a resonance
near 10.5 GHz as compared to the theoretical value of 10.67 GHz
(an error of ~1.6 percent). Similar behavior is seen for sample 3
(a/d = 1.67). The resonance near 10.5 GHz is above that of the
predicted 10.24 GHz (an error of ~2.5 percent). In the case of
sample 4 the first two modes are seen to be very close to each
other in frequency. corresponding to the predicted values of 9.90
and 10.532 GHz for the TM; | o and TM, ; { modes. The first mode
dues seem to appear near 10 GHz however.

To ascertain the effect of the dielectric constant of the mate-
ral used tor the cylinder. more cylinders were tabricated with
a'd = 0.5 trom materals with e, = 13.2, 8.9, 6.6. and 4.3, respec-
uvely. In this instance. however, the raw stock was in the form of
cylindrical rods of approximately 1-in diameter (2 = 1.283 cm).
This matenal was cut so that g/d = 0.5 and the resulting cylinders
were fed by probes with I = 1.54 cm. Owing to their larger size,
the resonant frequencies were reduced into the S-band region
(2-4 GHz).

The resulting real and imaginary parts of the impedance are
shown as a function of frequency in Fig. 6. Once again reasonable
agreement 1s tound between theory and experiment for the first
resonant frequency. For ¢, = 15.2 the resonance near 2.0 GHz is
about 3.6 percent above the predicted 1.931 GHz. Fore, = 89
the experimental value of 2.62 GHz is above the theoretical value
of 2.52 GHz by four percent. The predicted value of 2.93 GHz is
within one percent of the measured 2.95 GHz for €, = 6.6, while
tor the case of €, = 4.5 the experimental value of 3.45 GHz is
about three percent from the theoretical 3.55 GHz.

Previous work in analyzing similar structures with much
higher dielectnic constamts using the magnetic wall model typic-
ally have errors of approximately five to 10 percent in tMe predic-
tion of the resonant frequencies. These are almost always TE
modes. however. and in our case the mode of interest is a TM one.
In Yee's work [1] . using materials with €, = 100, resonances were
found to occur at frequencies corresponding to errors of less than
one percent. Thus for our lower dielectric constant materials
errors of two to five percent appear to be reasonable.

C. Impedance Matching

In all previous measurements the feed was located at a point
near the edge of the cylinder. Since the z-directed electric field
has a radial variation like J,(1.841p/a). it should be possible 10
change the impedance by shifting the position of the feed away
from the edge. This technique has been previously exploited as an
unpedance matching technique in the case of the circular-disk
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printed-circuit antenna [11]. As previously denved {11]. the
resistance at resonance resulting from the given £, dependence on
radiai position gives a theoretical variation in impedance propor-
tional to J}(k,po) where pq 1s the radial coordinate of the feed
position. The resistance at resonance was measured at tive duf-
ferent feed positions for a radiator with e, = 152 and / = 038
¢m and the theory was normalized at the outermost o € (g 4 =
0.83). This theoretical curve 1s shown in Fig. 7 along vith the five
experimental values. Even though fluctuations are seen. the
general behavior is verified at least in a qualitative sense.

Another matching technique which is apparent from the lower
values of resistance at resonance seen in Fig. ~ is the vanation in
feed probe length. Impedance measurements were taken for a
cylinder with ¢, = 8.9 (a/d = 0.5.a = 0.0127 m) for feed probe
lengths varying from / = 0.40 10 0.75 in (1.0 to 1.9 cm). The
resulting magnitudes of the impedances are shown in Fig. ¥
and the ability to control the resistance at resonance by varying
the feed length can be seen.

It should be noted that the measured impedance behavior 1s
really a combination of two etfects—one due to the resonance
associated with the dielectnc cylinder and the other from the
feed probe itseil’. The length of the feed seems 1o affect mainly
the magnitude of the impedance a: resonance while the size of
the cylinder 1s most important 1n determining the resonant tre-
quency. Any meaningtul attempt to predict the actual impedance
behavior theoretically must include buth of these etfects.

o
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V. CONCLUSION

An introductory experimental investigation of the resonant
cylindrical dielectric cavity antenna has been made. This antenna
was shown to be capable of providing efficient radiation in the
direction normal to its ground plane while retaining many desir-
able features necessary for future applications in the millimeter
wave frequency region. The radiation and circuit properties were
measured as a function of the physical parameters of the cylinder
and reasonable correlation was found when compared with a
simple theory based on a magnetic wall boundary condition.
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RECTANGULAR DIELECTRIC RESONATOR
ANTENNA  ,poenpIx B

Indexing terms. Antennas, Dielectric resonators

An which ¢ of a resonant rectangular paral-
lelepiped diclectric on top of a ground plane is described.
Calculated radiation patterns and measured impedances are
presented. and the effects of feed probe length variations are
discussed.

Introduction: Dielectric resonators, whicl, have found frequent
applications as microwave circuit elements, can also be useful
as radiators if the shapes, permittivities and feed mechanisms
are appropriately chosen. It has recently been shown' that a
dielectric cylinder, placed on top of a ground plane and
excited by a monopole probe fed from bencath the ground
plane into the dielectric, will radiate efficiently in a direction
normal to the ground plane when the excitation frequency is
at or near the lowest resonant frequency of the cylinder. The
resonances are found by modelling the cylinder as a cavity
with perfect-magnetic-conductor surfaces (‘magnetic-walls').
Impedance measurements on the cylinders show resonant fre-
quencies in good agreement with the magnetic-wall model.
The present work extends the above investigation to rectangu-
lar resonators.

Experimental investigation: Fig. 1 shows the antenna configu-
ration, with the feed probe located near one of the resonator
edges and centred at y =0. The lowest-frequency mode
excited with the probe position shown is the TM3j,, mode,
where the symbols indicate one variation in the x and z direc-
tions and no variation in the vy direction. This mode produces
maximum radiation normal to the ground plane, as will be
discussed below.

o Epp—

; ]
a 1 f
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¢ S ﬁ Y
4k u

X \ground
L= T LT AT D T A PP plane
(28671
x2-Q/2 xxa/2

L 1eed
—] probe
L
coaxial ground
line ~— plane

Fig. | Antenna geometry and feed mechanism

Rectangular pieces of dimension I'S¢cm x 1'5cm x 0-75 cm
were fabricated from four kinds of dielectric materials. The
measured relative permittivities were 89, 12-8, 15-2 and 17-1.
The pieces were used as building blocks in constructing
antennas of various shapes. These antennas were placed on a
ground plane measuring 16 cm x 16 c¢cm. and impedance
measurements were made using a network analyser.

It was found that the measured resonant frequencies did not
agree as well with the predicted (requencies using a total-
magnetic-wall model as did those in the cylindrical case. This
corresponds with results in the literature:?-® for purely TM

Reprinted from ELECTRONICS LETTERS 17th March 1983 Vol. 19, No. 6. pp. 218-219
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gnetic-wall model is adequate, but for low-order 7
TE adjustments are necessary. The mode investigated here 1s
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Fig. 2 Measured impedance

a=3cm b= 15cm, c=15cm. probe iength = 1 03¢cm, ¢, = 89
TM to = but also TE to y. The adjustment consists of treating
the resonator as a dielectric body inside rectangular magnetic-
wall waveguide: the waveguide operates above cutofl inside
the dielectric boundaries and below cutoff outside. Resonant
frequencies found using this model were in better agreement
with experimental data. A typical measured impedance curve
is shown in Fig. 2. The predicted resonant frequency using the
adjusted first-order model is 3-02 GHz.

8 /x x\ probe length:
L X 1-50cm (1)
200 ‘[ l\ 1:27em (2)
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Fig. 3 Measured impedance with different probe lengths
d=b=ac={Scme¢ =89

The significance of feed probe length is illustrated in Fig. 3.
where the real part of the impedance is shown for different
probe lengths. Monopole resonances, occurring at frequencies
where the probe length is equal to a half-wavelength in the
dielectric, appear to dominate when the cavity resonance 1s
near the same frequency. A resonance for the 1:50 cm probe
occurs at 3-35 GHz: the peak shown at 3-6 GHz apparently
represents this. (The higher-frequency experimental peak 1s
possibly due to the probe ‘seeing’ a permittivity slightly lower
than that of the dielectric due to its position near the edge.)
For the 0-76 cm probe the monopole resonance is above 6-6
GHz, and the peak shown at 4-2 GHz is due entirely to the
cavity resonance.

Radiated fields: Radiation patterns are found by considering
the tangential electric fields on the resonator surfaces as equiv-
alent current sources for the far-field radiation. This technigue
gave good agreement between theory and experiment in the
cylindrical case’ and is utilised once again.

The calculated radiation patterns for square-base resonators
of various heights are shown in Fig. 4. For maximum radi-
ation normal to the ground plane. it is clear that the height of

17




the resonator should be less than the width. However, from a
practical viewpoint the height needs to be large enough so
that the probe length is greater than a quarter-wavelength in
the dielectric to avoid a highly reactive impedance. Iso-

x° o 0

Ast-Sem
Bat8cm a8

Fig. 4 Caiculased radiation patterns for square-base resonator

c = 0-75 cm (outer), ¢ = 2-25 cm (middle) and ¢ = 4-50 cm (inner)
for 90° and 0° curves

s, =89

18

tropicity in the O-plane can also be improved by making the
antennas longer in the x-direction or by using higher dielectric
constants.
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APPENDIX C

EXTERNAL FIELDS OF DIELECTRIC RESONATORS

Mark W. McAllister, Stuart A. Long, and Liang C. Shen
Department of Electrical Engineering
University of Houston
Houston, Texas 77004

A cylindrical dielectric slab of moderately high permittivity
(er > 10), placed atop a ground plane and excited by a probe inter-
nal to the dielectric (fed from beneath the ground plane), has been
shown to be an efficient radiator if the excitation frequency is at
or near the lowest resonant frequency of the slab [1]. The resonant
frequency is calculated by treating the dielectric-air interfaces
as perfect magnetic conductors.

Attempting to find the far-fields of such an antenna by using
the surface fields of the dielectric as equivalent source currents
in free space leads to difficulties, since the electric surface
current is identically zero because of the assumed magnetic-wall
boundary condition. Using the magnetic surface current as the only
source leads to the wrong answers for the far-field magnitudes.

To shed light on the problem, several dielectric resonator con-
figurations with analytical solutions are studied. These are:
(a) The resonant dielectric sphere in free space, (b) the cylindri-
cal dielectric resonator inside a radial magnetic-wall waveguide,
(c) the cylindrical dielectric resonator inside a cylindrical mag-
netic-wuall waveguide, and (d) the rectangular diclectric resonator
inside a rectangular magnetic-wall waveguide.

In all cases the following procedure is used. First, expres-
sions are derived for the source-free internal fields and the
corresponding external fields. Then the dielectric is removed and
new ""internal" and external fields are postulated. The new fields
are of the same form but have as-yet-undetermined amplitude coef-
ficients., The tangential fields are matched at the boundary with
discontinuities equal to the equivalent magnetic and electric sur-
face currents taken from the earlier exact solutions. When both
magnetic and electric surface currents are used, the new external
field magnitudes are naturally found to be equal to the previous
exact external field magnitudes. The next step is to neglect the
electric surface current (set equal to zero), and to let the term
kpa become small, where a is the radius of the sphere or cylinder
(or the length of the rectangular parallelipiped), and kg is the
free-space wavenumber. The new external field magnitudes are re-
computed and compared with the exact solutions.

The dielectric sphere is the only finite structure for which
the exact external fields can be found. The surface of such a
sphere resonating in a TM mode has been shown in the literature
to approach a magnetic-wall boundary condition [2]. Figure 1 shows
the results of carrying out the above procedure: The Eg magnitudes
are a fraction n/(2n+1) of the exact values, and for Ep the fraction
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is (n+1)/(2n+1). Only the principal mode index n affects the ans-
wers; the indices m and p are not a factor,

A radiation Q for a magnetic-wall-modelled sphere can be found
by computing external fields using only magnetic surface current as
the source, then multiplying by the appropriate fraction from the
graph in Figure 1. The stored energy is easily found using a cav-
ity model. For the TM3p; mode, the calculated Q is derived as
Q=.0055€3-5. This curve is shown in Figure 2, along with exact radi-
ation Q's found by solving for the complex resonant frequencies [3].

For the cylindrical resonator ''sandwiched" in a radial mag-
netic-wall waveguide the above procedure is more complicated since
all non-azimuthally symmetric modes are hybrid HE modes: four
simultaneous equations, rather than two. need to be solved. The
results for an HE .. resonator are shown in Figure 3; a/d is the
ratio of radius to Yength of the cylinder. As in the spherical
case, only the principal mode index n affects the solutions, and
again there is symmetry about 0.5 for the fractions representing
the two different field components.

The cylindrical resonator is next placed in a cylindrical mag-
netic-wall waveguide. The modes of interest are TMpps, where € is
a fraction of a half-cycle in the dielectric. Figure 4 shows the
results: there is still symmetry between the fractions for the
two field components, as before, but now the second mode index m
affects the numbers.

For the rectangular resonator in a rectangular magnetic-wall
waveguide, a TMpp§ mode is postulated and curves quite similar to
those in Figure 4 can be obtained.
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